An interval of stratigraphic condensation extending for 300 km from the fluvially dominated Hudson River estuary to the adjacent continental shelf reveals stratal relationships within an unconformity-related depositional sequence that are commonly difficult to resolve in seismic reflection profiles and outcrop. High-resolution side-scan sonar and bathymetry, more than 100 sediment cores ϳ2 m long, and radioisotope ( 14 C, 137 Cs) age control show that much of the valley was filled by ca. 3 to 1 ka. The present rate of sediment accumulation averages 1 mm/yr, corresponding with a sea-level rise of ϳ1.2 mm/ yr relative to local bedrock. Condensation is manifested today by sedimentary bypass in most parts of the estuary and by the trapping of available sediment (1.2-5.6 ؋ 10 5 t/yr [metric tons]) along narrow reaches and primarily in the vicinity of the estuarine turbidity maximum, a part of the estuary located upstream of the salinity intrusion ϳ25 km from the mouth (3.0 ؋ 10 5 t/yr). Shelf condensation is due to sediment starvation. The condensed interval merges updip with a nascent sequence boundary as the estuary reaches its final filling phase and downdip with the sequence boundary that developed at the Last Glacial Maximum. Delta progradation may take place as available shelf accommodation is filled, but such sediments are expected to be removed once sea level begins to fall. This sedimentation pattern, in which a condensed interval merges with different sequence boundaries, is consistent with the stratigraphic record of the Atlantic margin back to the Paleogene and may be typical of sediment-starved margins.
STRATIGRAPHIC CONDENSATION IN TERRIGENOUS MARINE AND ESTUARINE SETTINGS
Condensed sections are widely recognized in terrigenous marine successions on the basis of texture, mineralogy, and fossil evidence for reduced rates of sediment accumulation, a transition from upward-deepening to upwardshoaling trends in depositional facies, and the development of downlap surfaces (Haq et al., 1987; Carter et al., 1998) . Particularly distinctive are concentrations of marine microfossils, organic matter, phosphate, glauconite, and other authigenic minerals, along with lag deposits, shell beds, and hardgrounds (Loutit et al., 1988; Abbott and Carter, 1994; Riggs et al., 1998) . The expression of a condensed section is different in nearshore and estuarine settings owing to (1) a significantly greater sediment supply and (2) the tendency for these sediments to fill whatever space is created by either subsidence of the sedimentary basin or sea-level rise (a ''keep-up'' or aggradational pattern; Soreghan and Dickinson, 1994) . This sedimentation pattern leads to systematic spatial variations in the character of unconformityrelated depositional sequences and in the spans of geological time represented at particular locations (Carter et al., 1998) . Estuarine sequences are associated with a significant basal hiatus at incised valleys, and they are dominated by the transgressive half-cycle. In contrast in shelf to basinal settings, sequences are dominated by the regressive half-cycle (Dalrymple et al., 1992; Zaitlin et al., 1994; Allen and Posamentier, 1994) . The condensed section therefore tends to merge inboard with an overlying sequence boundary and to approach an underlying sequence boundary in a seaward direction.
Because condensed sections straddle the boundary between the transgressive and highstand half-cycles in estuarine to basinal settings, they exhibit longitudinal variability in sediment types, rates, and depositional processes that make their recognition across a sedimentary basin difficult to track in the stratigraphic record (Abbott and Carter, 1994; Carter et al., 1998; Riggs et al., 1998) . Sidescan sonar and bathymetry, more than 100 sediment cores ϳ2 m long, and radioisotope ( 14 C, 137 Cs) age control from the Hudson River estuary and adjacent inner continental shelf provide an unusually high resolution perspective of the manner in which stratigraphic condensation develops. 1
EVOLUTION OF THE HUDSON VALLEY AND ESTUARY
The Hudson Valley is a bedrock valley that is thought to have formed over at least several tens of millions of years, as evidenced by the deposition of a 1-km-thick wedge of OligocenePleistocene sediment on the adjacent passive margin ( Fig. 1 ; Newman et al., 1969; Ridge et al., 1991; Steckler et al., 1999) . The valley was modified most recently (in the late Pleistocene) by the Laurentide ice sheet and by associated meltwater. As the ice receded, from ca. 15 to 13 ka, the valley became occupied by glacial lakes and partly filled by lake sediments (Newman et al., 1969; Ridge et al., 1991) . Estuarine conditions were established near the mouth of the modern estuary by ca. 12-10 ka, following gradual drowning of the Hudson shelf valley after the Last Glacial Maximum (Weiss, 1974; Swift et al., 1980) . Estuarine sedimentation from 10 ka to the present has been paced by the effects of sealevel rise and glacio-isostatic rebound that compete with sediment derived from both the Hudson River and adjacent shelf (Olsen et al., 1978; Peltier, 1999) .
MODERN HUDSON RIVER ESTUARY
The modern Hudson River estuary is unusual for its great length and narrowness. Tidal fluctuations to ϳ1 m are felt as far north as the dam at Troy, New York, 220 km from the Note: 14 C ages derived from the shells of Crassostrea virginica were determined at the National Ocean Science Accelerator Mass Spectrometry facility at Woods Hole. A reservoir correction of 950 yr was obtained from pre-bomb museum oyster shells by Rubenstone and Peteet (Carbotte et al., 2001 ). The correction includes salinity gradient and 400 yr marine offsets. seaward limit of New York harbor (Fig. 1) . The estuary varies in width from 3.7 km at Tappan Zee, New York, to 0.3 km at Saugerties, New York. Its floor is relatively sandy for 15 km from the mouth to the inner part of the harbor, muddy for 140 km from the inner harbor to Kingston, New York, and sandy for the fluvially dominated reach that extends for 80 km from Kingston to Troy ( Fig. 2 ; Coch et al., 1991) . The salinity ranges from 25‰ just north of the harbor to 5‰ 100 km from the harbor . With a sediment load that ranges from 1.2 to 5.6 ϫ 10 5 t/yr [metric tons], the Hudson River estuary is considered a low-sediment-budget system compared with rivers such as the Mississippi or Amazon (Ͼ10 9 t/yr; Milliman and Syvitski, 1992; Woodruff et al., 2001) . The adjacent continental shelf is sand rich and sediment starved, and the shoreface sands are effectively transported by tide-and longshore-wavegenerated currents and storms (Swift et al., 1972; Austin et al., 1998) . Current activity formed ribbons, dunes, and sand ridges as much as 10 m in amplitude on the inner and middle shelves as the shoreline migrated during the Holocene (Swift et al., 1972) . The outer shelf is characterized by a glauconite-rich lag typically no more than a few centimeters thick .
EVIDENCE FOR A FILLED ESTUARY
Overwhelming evidence in nearly all areas studied reveals that the Hudson River estuary is now effectively filled at or near sea level. The absence of significant sediment accumulation for the latest Holocene (ca. 3 ka to present) is indicated by (1) radiocarbon ages for oyster shells and wood that range between ca. 3 and 1 ka in the upper 150 cm and (2) the presence of coal and other relicts of coal burning that are found scattered on the estuary floor (Table 1; Figs. 2, 3, and 4) . The radiocarbon correction for the oyster shells (950 yr) Table 1. accounts for salinity gradient and marine reservoir offsets and was obtained by Rubenstone and Peteet (2003, personal commun.) from museum specimens (Carbotte et al., 2001) . Coal burning began in the late 1800s and was prevalent until the 1960s. Multibeam bathymetry shows that the river bed is generally very shallow (2-6 m), except for a narrow channel (typically 10-15 m deep and locally as deep as 35 m). The shoaling of the estuary is also revealed by the stratigraphic succession. Tidally laminated sediments are typically associated with areas in which the estuary was or is deep, and at present this facies is found in the vicinity of the channel. In contrast, those areas that are now shallow contain homogeneous sediment above the laminated facies, owing to mixing and reworking as a result of bioturbation and current activity.
Further evidence for the filling of the estuary derives from borehole data obtained when bridges and tunnels were constructed across and beneath the river (Newman et al., 1969) . In the lower Hudson and at the estuarine turbidity maximum, accretion rates on the millennial time scale kept pace with local rates of sea-level rise that were much higher (to 3.5 mm/yr) from 6.4 to 3.4 ka than at present (average 1.2 mm/yr; Pekar et al., 2002; Klingbeil, 2003) . The final filling of the estuary above sea level is taking place in the fluvially dominated part north of Kingston, and it is manifested by the formation of islands, shallow banks, and channels that need to be dredged to maintain navigation routes (Bell et al., 2000; Coch and Bokuniewicz, 1986) .
ESTUARINE AND NEARSHORE CONDENSATION
The Hudson River estuary is characterized nearly everywhere by sedimentary bypass and by the rapid filling of any available space by sediments. Sediments younger than 1965, defined as ''recent'' as revealed by the presence of 137 Cs, are represented by layers no more than 50 cm thick that accumulated at rates as high as 5-10 mm/yr. These sedimentary ''caps'' are associated with regions of pronounced topography that are not in equilibrium with their sediment load, such as the Hudson Highlands, a belt of Precambrian crystalline bedrock that intersects the estuary for 40 km from Peekskill, New York, to Newburgh, New York, and along Diamond Reef (Figs. 1 and 4) . Sediment is also known to be accumulating today at bends in the channel (Fig. 3) . Calibration of areas of low backscatter on sonar images with 137 Cs activity suggests that the total rate of accumulation of this sediment is ϳ50 ϫ 10 3 t/yr. In the lower estuary, substantial sediment trapping is associated with the estuarine turbidity maximum (3.0 ϫ 10 5 t/yr; Geyer et al., 2001) .
Sediment is also accumulating in bays adjacent to the mouth of the estuary. For example, in Sandy Hook Bay, the Raritan and Hudson estuaries combined depositional rate is 5 mm/yr. However, 30 km from the mouth of the estuary, at the head of the Hudson shelf valley, ''recent'' sedimentation is mostly the result of anthropogenic dumping of dredge material (Massa et al., 1996) and sediment reworking during storms ( Fig. 5 ; Moore et al., 2001) . As a result of sediment trapping within the estuary, little sediment is exported offshore where condensation is characterized by sediment starvation and erosion (Swift et al., 1972; Austin et al., 1998) .
IMPLICATIONS FOR THE LONG-TERM STRATIGRAPHIC RECORD
The Hudson River estuary represents a lowsediment-budget, estuarine to open-marine system that was filled between ca. 3 and 1 ka and has begun its regressive cycle. The condensed interval that is developing has a variable thickness that averages a few meters and includes areas of recent (younger than 1965) deposition controlled by the local topography, where sedimentation rates can be as high as 10 mm/yr. The condensed interval thins toward the fluvially dominated part of the estuary, where estuarine muddy sands are being buried by fluvial sands at a nascent sequence boundary. This transition is marked by a wedge of homogeneous sediment associated with current reworking in shallow water. In the muddy central reach of the estuary, the condensed interval is lithologically uniform, but ranges in age from 10 to 10 3 yr owing to variable rates of filling. The condensed interval thickens as a result of the estuarine turbid- ity maximum in the lower estuary and thins toward the continental shelf, where sands merge downdip with a transgressive lag Christie-Blick et al., 2002) .
Estuarine sedimentation and delta progradation may resume as shelf accommodation is filled. However, once sea level begins to fall, erosion is expected to remove much or all of this highstand sediment. Such erosion leads to a stratal arrangement in which the condensed interval offshore merges with both overlying and underlying sequence boundaries. Similar stratigraphic relationships have been observed in older sediments at this continental margin and at other margins, with highstand sediments accumulating preferentially seaward of the shelf edge in the underlying sequence boundary (Austin et al., 1998; Carter et al., 1998; Riggs et al., 1998; Christie-Blick et al., 2002) . These stratal relations illustrate how late highstand sedimentation on sedimentstarved margins can be a stratigraphic unit, not an interval of time.
